In previous studies (Labaw, Mosley, and Wyckoff, 1950a, b) (ILAcas. sae and Holweck, 1928, 1929; Wyckoff, 1930) and in the far greater kiling per roentgen of organisms spread on agar surfaces. The methods of labeling with radio phosphorus and of measuring with its help the phosphorus uptake of the bacteria-bacteriophage system are those standard in this laboratory (Labaw, Mosley, and Wyckoff, 1950b) . Samples of the irradiated bacteria, before and after incubation with bacteriophage, were prepared also in the usual way for electron microscopy; then they 330 on July 10, 2017 by guest
obtained from cultures of Escherichia coli which have been exposed to enough ultraviolet radiation to prevent their subsequent growth to form observable colonies when spread on fresh nutrient agar. In this work it was found that though the phosphorus metabolism of these bacteria is greatly depressed by the irradiation, it does not cease for two hours following exposure to the ultraviolet light; and it is during this time that bacteriophage can develop. It was observed also that during this interval of diminishing phosphorus uptake, the bacteria continue to grow and may even undergo one or two divisions.
Infection with bacteriophage brings this growth to a prompt end though it may accelerate for a time the rate at which phosphorus is used by the infected bacterial system. The present paper records somewhat imilar observations made on systems consisting of X-rayed E. coli infected with bacteriophage. They are of interest in showing that bacteriophage grows even better on Xrayed than on ultraviolet irradiated bacteria and in bringing out certain other differences between bacteria "killed" by the two types of radiation.
METHODS
The strain of bacteria and of bacteriophage and the methods of their cultivation are the same as those that have been used for previous work in this laboratory. All (ILAcas. sae and Holweck, 1928, 1929; Wyckoff, 1930) and in the far greater kiling per roentgen of organisms spread on agar surfaces. The methods of labeling with radio phosphorus and of measuring with its help the phosphorus uptake of the bacteria-bacteriophage system are those standard in this laboratory (Labaw, Mosley, and Wyckoff, 1950b coli that had been subjected to the same dose of X-rays. In order better to relate these results to earlier work involving ultraviolet irradiation of host bacteria, a parallel set of observations of yields was made using ultraviolet light and Xrays to irradiate the host bacteria.
A general idea of the effect of increasing X-ray dose on the yield of bacteriophage when the Xrayed bacteria were infected immediately after irradiation is given by the typical results of table 1. They bring out a number of points. Chief among these is the very high yield of bacteriophage per irradiated bacterium. Though this yield is diminished after great doses of X-rays, its decline is slow. Even after perfect "sterilization" of the culture, as in experiments 4, 5, and 6, the yield per organism is not less than a hundred. The data of this table emphasize the statement already made that the killing action of the X-rays is very much greater on bacteria spread on the surface of agar than on bacteria in suspension in saline. lengths of time. Immediately following irradiation with doses up to ca 200,000 r, the bacteria appear normal (figure 1). After a subsequent incubation of two hours, many of the irradiated organisms have grown into long filaments (figure 2) apparently as a result of loss of the ability to divide. These long filaments ultimately disintegrate. This is a striking illustration of the fact, long known, that the division mechanism of many cells is more sensitive to damaging radiation than is the capacity for immediate growth. Heavier doses of X-rays arrest more and more, Figure 2 . Bacteria incubated for 120 minutes in fresh medium after receiving the same dose of Xrays (160,000 r). Many filaments such as these characterize such a preparation. 9,000 X. however, the capacity for any growth, and therefore these long forms are absent from the more heavily ir-radiated cultures. WThat little growth there is in the strongly ir-radiated bacteria is likely to give swollen forms (figure 3) which soon shrivel and fragment (figure 4). A conspicuous feature of the heavily irradiated organisms, not seen in normal E. coli, has been the central pits so obvious in figure 5 . Some pictures suggest that these may represent a first, and only, step to- wards division. If the irradiated cultures, whether they have been subjected to heavy or light doses of X-rays, are seeded with bacteriophage immediately after irradiation, electron micrographs indicate that bacteriophage develops in them in an apparently normal fashion (figure 6). In view of this fact experiments were made to de- termine what would be the effect of infecting bacteria with bacteriophage after incubation for various lengths of time following irradiation. A typical result with a suspension of E. coli subjected to 160,000 r is shown in figure 7. As this and similar experiments have shown, the final titer of bacteriophage declines in an approximately semilogarithmically linear fashion as the preinfection incubation is extended to about two hours. The change in slope and absence of a further decline with longer incubation are due to bacteriophage production in the bacteria that have survived the radiation and have been multi- Figure 6 . Masses of T6r+ bacteriophage particles developing from X-ray irradiated (160,000 r) bacteria. Portions of two partly intact cells appear at the top and bottom of the photograph. Incubation following introduction of the infecting bacteriophage = 45 minutes. 15,000 X. plying during this incubation. Electron micrographs also show a diminished yield of bacteriophage from irradiated bacteria incubated before infection. Little, if any, response can be seen in X-rayed cells which have been incubated for about two hours before adding the bacteriophage. What has been observed is compatible with the hypothesis that the X-rayed bacteria can serve as hosts for the production of bacteriophage during the period following irradiation when they can still grow, that their efficiency as hosts diminishes with the residual capacity for growth and ceases when the bacteria have stopped growing.
The effect of X-raying bacteria on their uptake of phosphorus, both before and after infection with bacteriophage, parallels that previously described for ultraviolet light. For all doses of X-rays, large and small, the uptake of pn by X-rayed organisms is less than that of the corresponding control culture of unirradiated E. coli. As would be expected the uptake by the Figure 7 . Reduction of lysate titer when T6r+ was added after different times of incubation of irradiated Escherichia coli in tryptose broth. The concentrated bacteria were irradiated in 1 mm depth of saline with a surface dose of 160,000 r, then resuspended in broth to a concentration of 108 per ml. The infection ratio was 8 T6r+ per bacterium. The colony count ratio of irradiated to unirradiated bacteria was 2.2 X 10-5. X-rayed bacterial culture.is less, the greater the X-ray dose. For example, the utilization of phosphorus by unirradiated bacteria and by cultures that have received a moderate and heavy dose of X-rays is shown in figure 8. All these uptake curves have the same general shape. They rise very steeply during the first half hour of growth and then flatten off to a maximum value that is commonly reached after about two hours of incubation.
Curves of similar shape are obtained for the phosphorus uptake of both normal and X-rayed cultures after infection with T6r + bacteriophage (figure 8). The effects of X-irradiation therefore are conveniently shown by comparing maxima of the uptake curves (table 2) tion. The data of the fourth column illustrate the stimulated phosphorus consumption that is observed in heavily irradiated cultures after inoculation with bacteriophage. It is apparent in the fact that all the ratios of this column for the stronger irradiations have values less than unity. This is the same kind of stimulation as that observed after ultraviolet irradiation (Labaw, Mosley, and Wyckoff, 1950b) . As can be seen from column 5 as much phosphorus is used by lightly X-rayed as by normal cultures after inoculation with bacteriophage; the utilization, In a last set of experiments comparisons were made between the yields of several types of bacteriophage from aliquots of an X-rayed bacterial culture and between these yields and corresponding yields from ultraviolet irradiated bacteria. Results of two experiments are collected in table 3. After the rather mild dose of X-rays used for the first experiment (ca 100,000 r) there was no drastic reduction in the titer of any of the bacteriophages though the lower yields for T5, and perhaps for Ti (column 7), are significant. With the more heavily damaged ultraviolet irradiated bacteria, however, bacteriophage T6r+ stands out from all the other strains studied in the high yield it gives (column 4). Greater differences between strains appear when, as in the second experiment, more heavily irradiated bacterial hosts are used. As can be seen from column 9, T6r+ is conspicuous, as it was in the ultraviolet experiment (column 4), for its ability to use heavily damaged host cells. This is not true of its variant T6r which rather is to be grouped with Ti and T5 as strains which develop poorly Figure 9 . Radiophosphorus uptake by 5 X 109 infected and uninfected X-rayed Escherichia coli which had been subject to a surface dosage of 735,000 r when spread on cold agar. Radioactive medium was similar to that used for experiments shown in figure 8. 
